JVI

Journals.ASM.org

Efavirenz Enhances HIV-1 Gag Processing at the Plasma Membrane

through Gag-Pol Dimerization
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Efavirenz (EFV), a nonnucleoside reverse transcriptase (RT) inhibitor, also inhibits HIV-1 particle release through enhanced
Gag/Gag-Pol processing by protease (PR). To better understand the mechanisms of the EFV-mediated enhancement of Gag pro-
cessing, we examined the intracellular localization of Gag/Gag-Pol processing products and their precursors. Confocal micros-
copy revealed that in the presence of EFV, the N-terminal p17 matrix (p17MA) fragment was uniformly distributed at the plasma
membrane (PM) but the central p24 capsid (p24CA) and the Pol-encoded RT antigens were diffusely distributed in the cyto-
plasm, and all of the above were observed in puncta at the PM in the absence of EFV. EFV did not impair PM targeting of Gag/
Gag-Pol precursors. Membrane flotation analysis confirmed these findings. Such uniform distribution of p17MA at the PM was
not seen by overexpression of Gag-Pol and was suppressed when EFV-resistant HIV-1 was used. Forster’s fluorescence resonance
energy transfer assay revealed that Gag-Pol precursor dimerization occurred mainly at the PM and that EFV induced a signifi-
cant increase of the Gag-Pol dimerization at the PM. Gag-Pol dimerization was not enhanced when HIV-1 contained the EFV
resistance mutation in RT. Bacterial two-hybrid assay showed that EFV enhanced the dimerization of PR-RT fragments and re-
stored the dimerization impaired by the dimerization-defective mutation in the RT tryptophan repeat motif but not that im-
paired by the mutation at the PR dimer interface. Collectively, our data indicate that EFV enhances Gag-Pol precursor dimeriza-
tion, likely after PM targeting but before complete particle assembly, resulting in uniform distribution of p17MA to and

dissociation of p24CA and RT from the PM.

Retroviruses contain the virus-specific enzymes protease (PR),
reverse transcriptase (RT), and integrase (IN). These enzymes
are encoded within the pro and pol genes and are essential for viral
infectivity. In the majority of retroviruses, these enzymes are pro-
duced by ribosomal frameshifting at the N and/or C terminus of
PR in the context of Gag-Pro-Pol. In the case of human immuno-
deficiency virus type 1 (HIV-1), pro and pol are contiguous in the
same reading frame and thus are synthesized as a 160-kDa Gag-
Pol precursor protein, at a Gag-to-Gag-Pol ratio of 10:1 to 20:1,
during Gag protein synthesis (1). HIV-1 Gag/Gag-Pol processing,
that s, cleavage of Gag/Gag-Pol precursors into individual mature
domains (2), occurs during or soon after viral particle budding (3)
and is critical for virion maturation and infectivity (4). PR is the
enzyme responsible for Gag/Gag-Pol processing and is known to
be catalytically active as a dimer (5-7). HIV-1 PR is initially em-
bedded in the Pol region, which consists of the N-terminal trans-
frame region termed p6*, the central PR and RT, and the C-ter-
minal IN, and is subsequently released autocatalytically from the
Pol region to become a fully active PR dimer (8-10). Since
dimerization of PR is required for activation of PR, dimerization
of the Gag-Pol precursor is thought to be a prerequisite for PR
activation.

The Gag protein is synthesized as a 55-kDa precursor that is
composed of p17 matrix (p17MA), p24 capsid (p24CA), p7 nu-
cleocapsid (p7NC), p6 domains, and the spacer peptides SP1 and
SP2. Gag is the main virion structural protein and contains the
signals for membrane targeting (in p17MA) (11, 12), particle as-
sembly (in p24CA and p7NC) (13), and particle budding (in p6)
(14). Thus, HIV particle assembly and release are essentially
driven by the Gag protein (13, 15), and indeed, expression of Gag
alone produces virus-like particles composed of uncleaved Gag
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(16). In contrast, the Gag-Pol protein is incorporated into HIV
particles only through coassembly with Gag (17, 18), and PR em-
bedded in Gag-Pol subsequently cleaves the Gag region into
p17MA, p24CA, p7NC, and p6 domains. The expression ratio of
Gag to Gag-Pol is critical for viral particle assembly, since overex-
pression of Gag-Pol and active PR leads to the cessation of particle
production, accompanied by an enhancement of Gag processing
in the cytoplasm (19-21). Recent studies have also indicated that
the Gag-to-Gag-Pol ratio is important for virion RNA dimeriza-
tion (22). In vitro processing studies with purified PR have indi-
cated that the Gag domain junctions are cleaved at different rates
(SP1-NC > SP2-p6 > MA-CA > CA-SP1), which is suggestive of
ordered Gag processing (23-25).

Efavirenz (EFV), a nonnucleoside reverse transcriptase inhib-
itor (NNRTTI), binds to the pocket of HIV-1 RT, which is close to
but distinct from the polymerase active site, and allosterically in-
hibits RT-mediated DNA synthesis, likely due to displacement of
the amino acid constellation involved in formation of the active
site (26). Previous studies have shown that EFV acts as a chemical
enhancer of RT dimerization (27-29). Recent studies have indi-
cated that EFV also inhibits the late stage of the HIV-1 life cycle,
i.e., virus particle release, through the enhancement of Gag/Gag-
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Pol processing (30). They have also shown enhanced dimerization
of the Pol fragments containing PR-RT in the presence of EFV in
a yeast two-hybrid assay (30). Mutations of the tryptophan repeat
motifin RT that impaired RT dimerization and polymerase activ-
ity (31) rescued the defect of HIV-1 particle release imposed by
EFV (32). However, more studies are needed to understand what
isindeed happening in EFV-treated cells. Specific questions would
address whether EFV enhances dimerization of the Gag-Pol pre-
cursors and, if so, where in the cells this occurs and what impact it
has on the Gag/Gag-Pol processing products. To address these
issues, we employed Forster’s fluorescence resonance energy
transfer (FRET) assays to study Gag-Pol dimerization. We also
examined the intracellular localizations of Gag/Gag-Pol precur-
sors and their processing products in EFV-treated cells. Our data
indicate that EFV enhances Gag-Pol precursor dimerization after
plasma membrane (PM) targeting but before complete particle
assembly, resulting in an aberrant distribution of Gag/Gag-Pol
processing products.

MATERIALS AND METHODS

DNA construction. The HIV-1 proviral molecular clone pNL43 (33) was
used as the wild type (WT) in this study. Its derivative clone containing an
inactive form of PR (D25N amino acid substitution in PR) is referred to as
PR(—) (34, 35). A pNL43 derivative expressing the nonmyristoylated
form of Gag/Gag-Pol (G2A amino acid substitution in Gag) has been
described previously (36) and is referred to as myr(—). A pNL43 deriva-
tive containing a stop codon at the p17MA-p24CA junction (referred to as
p17MAstop) has been described previously (37). A pNL43 derivative ex-
pressing the Gag protein tagged with a FLAG sequence and the Gag-Pol
protein tagged with a hemagglutinin (HA) sequence, each at the C termi-
nus (referred to as Gag-FLAG/Pol-HA), and a derivative expressing Gag-
Polin which the gagand pol genes were placed into the same reading frame
by deleting the 5 T nucleotides at the ribosomal frameshifting site were
described previously (35). The HIV-1 recombinant molecular clone pNX
and its derivative pNX(K103N), which contains the EFV resistance mu-
tation K103N in RT, were generated in the pNL43 backbone in previous
studies (38).

For FRET imaging, unique Xbal and NotI sites were initially intro-
duced at the PR-RT junction in the pNL43 derivative PR(—), and the
sequences encoding enhanced green fluorescent protein (EGFP) and the
mStrawberry fluorescent protein (referred to as Gag/Pol-EGFP and Gag/
Pol-mStrawberry, respectively) were inserted in frame between the Xbal
and Notl sites. pNL43 derivatives expressing Gag-EGFP and Gag-
mStrawberry (as positive controls) have been described in our previous
studies (35). For disruption of PR dimerization, the amino acid substitu-
tions D25N, T26A, D29A, and R87A (39) were introduced into PR by
overlapping PCR (giving a product referred to as mtPR). For disruption of
RT dimerization, the amino acid substitution W401A (27, 31) was intro-
duced into RT (giving a product referred to as mtRT). The EFV resistance
mutation K103N was similarly introduced into RT.

For two-hybrid assay in Escherichia coli, the HIV-1 cDNA fragments
encoding PR, RT, PR-RT, p6*-PR-RT, PR-RT-IN, and the entire Pol re-
gion (p6* to IN) with inactive PR were cloned as “baits” in frame with the
A repressor protein \cl in the E. coli expression plasmid pBT, containing a
chloramphenicol resistance gene (Stratagene). The fragments were also
cloned as “targets” in frame with the a subunit of RNA polymerase in the
E. coli expression plasmid pTRG, containing a tetracycline resistance gene
(Stratagene). The cDNA fragments encoding mtPR-RT, mtRT, PR-mtRT,
and RT(K103N) were similarly cloned into pBT and pTRG plasmids. The
RT in this assay included the RNase H domain.

Cell culture and DNA transfection. HeLa cells were grown in Dulbec-
co’s modified Eagle’s medium supplemented with 10% fetal bovine se-
rum. Transfection with plasmid DNA was carried out using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s protocols.
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EFV and nevirapine (NVP) (Moravek Biochemicals) were dissolved in
dimethyl sulfoxide (DMSO) and added to cell culture after DNA trans-
fection. The culture supernatants of HeLa cells were subjected to quanti-
fication of HIV-1 particle yields by p24CA antigen capture enzyme-linked
immunosorbent assay (ELISA) (Zeptometrix).

Western blotting. Protein samples were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and then transferred to a poly-
vinylidene difluoride membrane. The membrane was incubated with
mouse anti-HIV-1 p17MA (Advanced Biotechnologies), mouse anti-
p24CA (40), rabbit anti-p7NC (41), sheep anti-p6 (Aalto, Ireland), rabbit
anti-PR (NIH AIDS Research and Reference Reagent Program),
mouse anti-RT (ICN Pharmaceuticals), mouse anti-FLAG (Sigma), and
rabbit anti-HA (Sigma) antibodies and subsequently with horseradish
peroxidase-conjugated secondary antibodies (ICN Pharmaceuticals).
Anti-caveolin antibody was purchased from Abcam.

Membrane flotation centrifugation. At 24 h posttransfection, HeLa
cells were resuspended in buffer containing 50 mM Tris (pH 7.5), 1 mM
EDTA, 150 mM NaCl, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl
fluoride, and 1 g/ml pepstatin A. Following a brief sonication, the cell
lysates were clarified at 500 X g for 7 min at 4°C. The supernatants were
adjusted to 70% (wt/vol) sucrose and overlaid with 65% and 10% (wt/vol)
sucrose step gradients in phosphate-buffered saline (PBS). Equilibrium
flotation centrifugation was performed in an SW55 rotor at 100,000 X g
for 16 h at 4°C (37, 42).

Confocal microscopy. HeLa cells were fixed with 3.7% paraformalde-
hyde in PBS for 30 min and then permeabilized with 0.1% Triton X-100
for 10 min at room temperature. After blocking with 1% bovine serum
albumin, cells were incubated with mouse anti-HIV-1 p17MA (Advanced
Biotechnologies), mouse anti-p24CA (40), mouse anti-RT (ICN Pharma-
ceuticals), mouse anti-FLAG (Sigma), rabbit anti-FLAG (Sigma), and
rabbitanti-HA (Sigma) antibodies for 2 h at room temperature. Cells were
subsequently incubated with Alexa Fluor 488- or 568-conjugated anti-
mouse and anti-rabbit antibodies (Molecular Probes) for 1 h. After nu-
clear staining with TO-PRO-3 (Molecular Probes), cells were observed
with a laser scanning confocal microscope (TCS-SP5; Leica).

Electron microscopy. HeLa cells were fixed with 2.5% glutaraldehyde
in 0.1 M cacodylate buffer (pH 7.4) for 1 hat 4°C and then treated with 2%
osmium tetroxide for 1 h at 4°C. Ultrathin sections were stained with
uranyl acetate and lead citrate.

FRET imaging. At 24 h posttransfection, HeLa cells were fixed with
3.7% paraformaldehyde in PBS for 30 min at room temperature and then
subjected to laser scanning confocal microscopy (CSU-X1; Yokogawa).
Images were acquired using 3 filter combinations: EGFP excitation-EGFP
emission (donor channel), mStrawberry excitation-mStrawberry emis-
sion (acceptor channel), and EGFP excitation-mStrawberry emission
(FRET channel). FRET was confirmed by the following changes in fluo-
rescence signals upon photobleaching of the acceptor: a decrease in accep-
tor fluorescence and a proportional increase in donor fluorescence.

FRET calculations were performed using the FRET calculator pro-
gram FRET SE Wizard installed in a confocal microscope (TCS-SP5;
Leica). From entire microscopy fields in the FRET channel, regions of
interest (fluorescent puncta) were randomly selected, and their FRET val-
ues were calculated. The apparent FRET efficiency equation, F, = [B —
AB — C(y — ap)]/[C(1 — Bd)], has been described previously (43). In
this formula, A, B, and C are the measured intensities and correspond to
donor excitation with donor emission, donor excitation with acceptor
emission (FRET), and acceptor excitation with acceptor emission, respec-
tively. a, B, y, and 8 are the calibration factors generated by the donor-
only and acceptor-only references. «, B, -y, and & correct for acceptor
cross-excitation cross talk, donor cross talk, acceptor cross-excitation,
and FRET cross talk, respectively. Thirty of the double fluorescence-pos-
itive cells (3 regions of interest per cell) were subjected to measurement in
each experiment. In each panel, FRET efficiency was shown using a
pseudocolor map over the range of 0 to 1 with a color scale bar.
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FIG 1 Gag processing and viral particle production. (A) Schematic represen-
tation of Gag precursor protein, processing intermediates, and mature Gag
domains. (B) Intracellular Gag processing. HeLa cells were transfected with
WT pNL43 and then cultured with increasing doses of EFV and NVP. DMSO
was used as a control. At 48 h posttransfection, cells were collected and
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Bacterial two-hybrid assay. An E. coli two-hybrid assay based on the
BacterioMatch II two-hybrid system (Stratagene) was employed in this
study. E. coli strain XL-1 Blue MR containing the HIS3 gene (the reporter
gene) onan F’ episome was cotransformed with pBT and pTRG plasmids.
Transformants were initially grown at 37°C in M9-based synthetic me-
dium (complete amino acid mixtures, 0.2 mM adenine, 0.5 mM isopro-
pyl-B-p-thiogalactopyranoside, 0.4% glucose, 1 mM thiamine, and M9
salts containing 1 mM MgSO,, 0.1 mM CaCl,, and 10 pM ZnSO,) (non-
selective complete conditions). The E. coli culture (optical density at 600
nm [ODy,,] = 0.7) was serially 10-fold diluted, and 0.6-ml aliquots were
plated on M9-based synthetic agar plates without histidine but with 5 mM
3-amino-1,2,4-triazole (3-AT), a competitive inhibitor of the imidazole
glycerol phosphate dehydratase encoded by the HIS3 gene (selective con-
ditions). The 0.6-ml aliquots were similarly plated on selective agar plates
including 1 pM EFV. The plates were incubated at 37°C for 3 days until
colony counting.

RESULTS

Enhanced Gag processing and reduction of particle release in
EFV-treated cells. A previous study has shown that EFV enhances
Gag processing, with an increase of the Gag processing interme-
diate p41 and final product p24CA (30). To confirm these find-
ings, we transfected HeLa cells with WT pNL43 and added in-
creasing doses of EFV and NVP (Fig. 1). Both are NNRTIs, but the
latter has little or no effect on Gag processing (30). Intracellular
Gag processing was analyzed by Western blotting (Fig. 1B). In an
assay using anti-p24CA antibody, we found that the levels of p41
and p24CA were slightly increased in EFV-treated cells, consistent
with previous findings (30). These band intensities were semi-
quantified by NIH Image] software, and the ratios of p41 and
p24CA to p55Gag are shown in Fig. 1B. In EFV-treated cells, we
also detected the processing intermediate p34, which was rarely
seen in untreated cells. These processing profiles were not ob-
served for NVP-treated cells. To identify the p41 and p34 inter-
mediates, we carried out Western blotting with antibodies specific
for p7NC and p6. The p41 intermediate was reactive with both
anti-p7NC and anti-p6 antibodies, and it likely corresponded to
CA-NC-pé6. The p34 intermediate was reactive only with the anti-
p7NC antibody, and it likely corresponded to CA-NC (Fig. 1A).
The appearance of the p41 and p34 intermediates suggests, al-
though it does not prove, preferential cleavage at the MA-CA
junction in EFV-treated cells. Similar processing profiles were ob-
served when HIV-1-transfected 293T cells were treated with EFV
(data not shown). Next, we measured the levels of particle pro-
duction by p24CA antigen capture ELISA. Viral particle produc-
tion from HeLa cells was reduced in an EFV dose-dependent man-
ner, and such a significant reduction was not seen by NVP
treatment (Fig. 1C). A block in particle production has previously
been reported for a relatively high dose of EFV (5 pM) (30).

PM targeting of Gag/Gag-Pol precursors in EFV-treated
cells. It has repeatedly been shown that enhanced Gag processing
by overexpression of PR or Gag-Pol fails to produce viral particles
(19-21), suggesting that earlier cleavage of Gag in the cytoplasm is
unfavorable for efficient particle release. To examine whether EFV

subjected to Western blotting using anti-p24CA, anti-pl7MA, anti-p7NC,
anti-p6, and anti-actin antibodies. (C) Virus particle production. Culture me-
dia at 48 h posttransfection were subjected to p24CA antigen capture ELISA.
The levels in the media were normalized to the Gag antigen levels in the cells.
Data are shown as means with standard deviations for 3 independent experi-
ments, in which all samples included 0.1% DMSO.
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FIG 2 Intracellular localization of Gag/Gag-Pol precursor proteins. HeLa cells transfected with the Gag-FLAG/Pol-HA construct, containing either inactive or
active PR, and the Gag-FLAG construct were cultured with increasing doses of EFV. DMSO was used as a control. At 24 h posttransfection, cells were
immunostained with anti-FLAG and anti-HA antibodies. Nuclei were stained with TO-PRO-3. All micrographs are shown at the same magnification. (A)
Representative patterns of intracellular localization of antigens. (B and C) Confocal images of Gag/Gag-Pol localizations in cells transfected with the pNL43
derivative with inactive PR (B) or active PR (C). For semiquantification of Gag/Gag-Pol localization, antigen-positive cells (approximately 80 cells) were observed
for each dose of EFV treatment, and the number of cells with each pattern of Gag/Gag-Pol distribution (accumulation at the PM with diffuse cytoplasmic
distribution, only diffuse distribution in the cytoplasm, or accumulation at cytoplasmic puncta) was counted. (D) Confocal images of Gag localizations in cells
transfected with the pNL43 derivative expressing Gag-FLAG. Semiquantification of Gag localization was carried out similarly to that described above, using

approximately 80 antigen-positive cells for each dose of EFV.

imposes similar cytoplasmic Gag processing, we carried out con-
focal microscopy. We first observed the localizations of Gag/Gag-
Pol precursors. To this end, we used the pNL43 derivative Gag-
FLAG/Pol-HA, which allows discrimination between Gag and
Gag-Pol by addition of two distinct epitope tags (FLAG and HA)
to the C termini of Gag and Gag-Pol, respectively. This construct
shows normal intracellular transport of Gag/Gag-Pol and pro-
duces equivalent levels of viral particles compared with WT
pNL43 (35). HeLa cells were transfected with the PR(—)/Gag-
FLAG/Pol-HA construct, containing inactive PR, and were
stained with anti-FLAG and anti-HA antibodies (Fig. 2). Three
patterns of antigen distribution (diffuse cytoplasmic alone, punc-
tate at the PM, and punctate in the cytoplasm) were observed
(Fig. 2A), as reported previously, and it has been suggested that the
puncta at the PM represent particle assembly and that the puncta
in the cytoplasm may correspond to internalized antigens (36, 44,
45) or endosomal targeting (46, 47). Representative confocal im-
ages of EFV-treated and untreated cells suggest Gag/Gag-Pol ac-
cumulation at the PM (Fig. 2B). We observed antigen-positive
cells for each dose of EFV and sorted them into three categories
based on the antigen distribution patterns. Our data indicated that
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EFV did not impair PM targeting of Gag/Gag-Pol precursors
(Fig. 2B, right panel). We also observed a slightly suppressed ap-
pearance of cytoplasmic puncta with increasing doses of EFV
(Fig. 2B, right panel), but this was not seen with the Gag-FLAG
construct lacking the Pol region (Fig. 2D). Next, we used the Gag-
FLAG/Pol-HA construct, containing active PR, and both Gag/
Gag-Pol precursors and their processing products were detected
with the anti-FLAG and anti-HA antibodies (Fig. 2C). We ex-
pected that the construct containing active PR would display a
distinct antigen distribution in EFV-treated cells. However, con-
focal microscopy and subsequent quantification of the antigen
distributions revealed that the antigens accumulated at the PM in
both EFV-treated and untreated cells, in patterns which were very
similar to those of the PR(—)/Gag-FLAG/Pol-HA construct
(compare Fig. 2B and C), although in this case the signals were
likely a mixture of precursors and processed products.
Aberrantlocalization of Gag/Gag-Pol processing products in
EFV-treated cells. Intracellular localization of Gag/Gag-Pol pro-
cessing products was similarly observed by confocal microscopy
(Fig. 3 and 4). Previous authors as well as our own group have
previously shown that some anti-p17MA antibodies (against the
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FIG 3 Intracellular localization of mature pl7MA domain. HeLa cells were
transfected with the Gag-FLAG/Pol-HA construct containing active PR and
were cultured with increasing doses of EFV. DMSO was used as a control. At 24
h posttransfection, cells were immunostained with rabbit anti-FLAG and anti-
p17MA antibodies. Nuclei were stained with TO-PRO-3. (A) Confocal images
of mature p17MA localization. All micrographs are shown at the same magni-
fication. (B) Semiquantification of pl7MA localization. Gag-positive cells
probed with anti-FLAG antibody (approximately 80 cells) for each dose of EFV
were subjected to observation for p17MA localization, and the number of cells
with each pattern of p17MA distribution (punctate accumulation at the PM,
uniform distribution at the PM, or no signal) was counted.

C-terminal region of p17MA) recognize the final processing prod-
uct p17MA but not Gag precursors or processing intermediates
(47-49). When cells were stained with this type of anti-pl7MA
antibody, EFV-untreated cells showed punctate staining at the
PM, confirming that Gag processing occurs mostly at the PM. In
contrast, cells treated with >0.1 pM EFV displayed a uniform
distribution of p17MA at the PM (Fig. 3). In the majority of Gag-
positive cells (stained with anti-FLAG antibody), pl7MA was
evenly distributed at nearly all areas of the PM, like a fringed cell
periphery (Fig. 3A). This PM staining was often accompanied by
diffuse staining in the cytoplasm. We observed approximately 80
Gag-positive cells for each dose of EFV and counted the numbers
of cells showing the different p17MA distribution patterns (punc-

3352 jviasm.org

a-RT

A a-p24

No drug

1 uM EFV

100
»n 80
% Cytoplasmic
o punctate
o 60
= Diffuse
g & Pl
S asma
) membrane
° 20
0
E % 5 - o 5 e o
ws © o © +~ o © © v *v

FIG 4 Intracellular localizations of p24CA and RT products and electron
microscopy of cells. HeLa cells were transfected with WT pNL43 and were
cultured with increasing doses of EFV. DMSO was used as a control. (A)
Confocal images of distributions of p24CA and RT products. At 24 h post-
transfection, cells were immunostained with anti-p24CA and anti-RT an-
tibodies. Nuclei were stained with TO-PRO-3. All micrographs are shown
at the same magnification. (B) Semiquantification of p24CA and RT anti-
gen localization patterns. Antigen-positive cells (approximately 30 cells)
for each dose of EFV were subjected to counting for antigen localization
patterns (accumulation at the PM, only diffuse distribution in the cyto-
plasm, or accumulation at cytoplasmic puncta). (C) Electron microscopy.
At 24 h posttransfection, cells were subjected to electron microscopy. Mi-
crographs are shown at the same magnification.

tate accumulation at the PM, uniform distribution at the PM, and
no signal) (Fig. 3B). The data indicated that upon EFV treatment,
the mature pl7MA domain became evenly scattered at the PM.
These confocal images were essentially identical when WT
pNL43-transfected cells were treated with EFV (see Fig. 6A).
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Although antibodies that recognize only the final processing
product p24CA are currently not available, it has been reported
that some antibodies are skewed toward preferential detection of
cytosolic monomeric Gag and the cleaved p24CA domain over
highly assembled Gag precursors, due to inaccessibility of the an-
tibodies under nondenatured conditions (50, 51). When cells
transfected with WT pNL43 but untreated with EFV were stained
with anti-p24CA antibody, antigens were observed in puncta at
the PM, accompanied by diffuse staining in the cytoplasm. In
contrast, immunostaining with the same antibody revealed no or
little punctate staining at the PM but a very diffuse cytosolic
distribution in WT pNL43-transfected and EFV-treated cells
(Fig. 4A). We observed 30 p24CA antigen-positive cells for each
dose of EFV and categorized them into three groups based on the
antigen distribution patterns (diffuse cytoplasmic alone, punctate
at the PM, and punctate in the cytoplasm) (Fig. 4B). Our results
indicated that upon EFV treatment, p24CA-related antigens be-
came more diffusely distributed in the cytoplasm than at the PM.
Such relocation was much highlighted when cells were immuno-
stained with anti-RT antibody. The anti-RT antibody preferen-
tially detected punctate antigens at the PM in EFV-untreated cells.
In contrast, antigens detected with this antibody were diffusely
distributed in the cytoplasm in EFV-treated cells (Fig. 4A). Quan-
titative analysis of the antigen distribution similarly suggested that
EFV treatment led to alteration of the RT-related antigen distri-
bution to the cytoplasm from the PM (Fig. 4B).

Electron microscopy was carried out to examine whether bud-
ding structures were present at the cell surface. As shown in
Fig. 4C, numerous extracellular particles were observed in EFV-
untreated cells. In contrast, EFV-treated cells showed steep reduc-
tions in extracellular particles and budding structures. Small
patches with an electron-dense layer were observed on the cell
surface at a low frequency, but the majority of cells rarely dis-
played complete spherical budding structures.

Dissociation of Gag/Gag-Pol processing products from the
membrane in EFV-treated cells. To examine the membrane af-
finity of the processing products, membrane flotation experi-
ments were carried out using sucrose step gradients. The gradient
fractions were subjected to Western blotting using anti-p24CA,
anti-p17MA, and anti-RT antibodies (Fig. 5, left panels). Antigen
distribution to the membrane-bound and non-membrane-bound
fractions was semiquantified using NIH Image] software (Fig. 5,
right panels). As expected, relatively large fractions of mature
p17MA, p24CA and p51/p66RT were distributed to the mem-
brane-bound fractions in EFV-untreated cells (75%, 60%, and
69%, respectively). Significant reductions in their distributions to
membrane-bound fractions were observed in 1 wM EFV-treated
cells (49%, 21%, and 39%, respectively) (Fig. 5A). However, the
distribution of p55Gag and pl160Gag-Pol precursors to mem-
brane-bound fractions was not largely affected by EFV treatment
(Fig. 5A and B). These results suggested that the mature domains
were easily dissociated from the membrane in EFV-treated
cells. It is known that the membrane affinity of the p55Gag
precursor is much stronger than those of C-terminally trun-
cated Gags (52, 53). When a nonmyristoylated pNL43 deriva-
tive containing active PR was used, the p55Gag precursor and
processing products were distributed exclusively to the non-
membrane-bound fractions (Fig. 5C), consistent with a previ-
ous study (42). Similar membrane flotation profiles were ob-
served for EFV-treated cells (Fig. 5C).
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FIG 5 Membrane associations of Gag/GagPol precursors and their processing
products. HeLa cells were transfected with WT pNL43 (A), a pNL43 derivative
containing inactive PR (B), or a nonmyristoylated pNL43 derivative contain-
ingactive PR (C) and were cultured in the absence or presence of 1 wM EFV. At
24 h posttransfection, cell lysates were clarified and supernatants were sub-
jected to equilibrium flotation centrifugation with 70%-65%-10% (wt/vol)
sucrose step gradients in PBS. Fractions of the gradients were subjected to
Western blotting using anti-pl7MA, anti-p24CA, and anti-RT antibodies.
Representative blots are shown. All data from 3 independent experiments were
subjected to semiquantification using NIH Image] software, and the mean %
Gag distributions to membrane-bound and non-membrane-bound fractions
are shown with standard deviations. (D) The gradient fractions were also sub-
jected to Western blotting using anti-caveolin antibody.

Uniform distribution of p17MA at the PM in EFV-treated
cells. It has long been known that overexpression of Gag-Pol and
active PR induces enhanced Gag/Gag-Pol processing in the cyto-
plasm (19-21). Thus, we compared the p17MA distribution pat-
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FIG 6 Membrane association of mature pl17MA domain. HeLa cells were
transfected with WT pNL43 and were cultured in the absence or presence of 1
M EFV. For comparison, HeLa cells were transfected with a pNL43 derivative
expressing Gag-Pol (containing active PR) alone via a frameshift mutation or
a pNL43 derivative expressing p17MA but no other gag gene products. At 24 h
posttransfection, cells were subjected to confocal microscopy and membrane
flotation centrifugation. (A) Confocal images of pl17MA localization. Cells
were immunostained with anti-p17MA antibody. Nuclei were stained with
TO-PRO-3. All micrographs are shown at the same magnification. (B) Mem-
brane flotation analysis. Cell lysates were clarified, and supernatants were sub-
jected to equilibrium flotation centrifugation with 70%-65%-10% (wt/vol)
sucrose step gradients. The gradient fractions were subjected to Western blot-
ting using anti-p17MA antibody. Data from 3 independent experiments were
subjected to semiquantification using NIH Image]J software, and the mean %
antigen distributions to membrane-bound and non-membrane-bound frac-
tions are shown with standard deviations.

tern in WT pNL43-transfected and EFV-treated cells with the pat-
tern for cells overexpressing Gag-Pol containing active PR
(Fig. 6A). For cells expressing Gag-Pol with active PR, confocal
microscopy revealed only a diffuse cytosolic distribution of
p17MA, with no uniform distribution at the PM, as reported pre-
viously (35). We also employed a pNL43 derivative expressing
pl7MA but no other gag gene products (referred to as
pl7MAstop) (37) for comparison. This construct generates
cleaved p17MA in the cytoplasm, and then the p17MA is targeted
to the PM. Expression of pl7MA by this construct showed an
uneven staining with some accumulations in the cytoplasm, pos-
sibly representing promiscuous membrane targeting of p17MA.
Staining at the cell periphery was also seen but was weak compared
with the PM staining in EFV-treated cells (Fig. 6A). EFV-treated
cells were strongly fringed with p17MA in all z-stack sections. These
data suggested that the uniform distribution of p17MA at the PM
observed in EFV-treated cells was not fully ascribable to cytosolic
processing and subsequent targeting of pl7MA to the PM.

Membrane flotation analysis was carried out to examine the
membrane association of p17MA (Fig. 6B). The p17MA distribu-
tion to membrane-bound and non-membrane-bound fractions
was semiquantified as described above (Fig. 6B, right panel). Our
independent experiments repeatedly showed that the % distribu-
tion of p17MA to the membrane-bound fraction was as follows:
EFV-untreated cells > EFV-treated cells > p17MAstop > Gag-
Pol with active PR.

Enhancement of Gag-Pol dimerization at the PM in EFV-
treated cells. Because dimerization of PR is required for activation
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of PR and PR is synthesized as a Gag-Pol precursor, dimerization
of the Gag-Pol precursor must occur before PR activation. We
previously established FRET assays with the pNL43 derivatives
Gag/Pol-EGFP and Gag/Pol-mStrawberry, in which the fluores-
cent proteins were placed in frame at the PR-RT junction contain-
ing inactive PR (35). These constructs expressed authentic Gag
and GagPol tagged with EGFP or mStrawberry. We utilized the
FRET assay for direct measurement of Gag-Pol precursor
dimerization in this study (Fig. 7). We quantified the mean FRET
efficiencies for fluorescent puncta in 30 cells. The pNL43 deriva-
tives Gag-EGFP and Gag-mStrawberry were used as positive controls
and displayed FRET signals at the PM (F, = 0.54) (Fig. 7A), consis-
tent with previous FRET analyses of Gag-Gag interactions (54-57).
Negative controls with a combination of the pNL43 derivative Gag/
Pol-EGFP and cytosolic mStrawberry fluorescent protein showed no
FRET signals anywhere (F, = 0.03). When FRET analysis was carried
out using a combination of the Gag/Pol-EGFP and Gag/Pol-mStraw-
berry constructs, FRET signals were detected predominantly at the
PM in EFV-untreated cells. It was possible that if EFV enhanced Gag-
Pol precursor dimerization, FRET occurred in the cytoplasm as well
as at the PM. However, we found that Gag-Pol precursor dimeriza-
tion occurred at the PM in EFV-treated cells, as observed in untreated
cells (Fig. 7A). We observed approximately 60 double fluorescence-
positive cells and confirmed FRET localization at the PM (Fig. 7B, top
panel). When Gag/Pol-EGFP and Gag/Pol-mStrawberry constructs
containing active PR, which were uncleavable at the PR-fluorescent
protein junction but cleavable at the fluorescent protein-RT junction,
were used, the FRET signals were similarly observed at the PM (data
not shown).

The FRET efficiency for Gag-Pol dimerization in EFV-treated
cells (F, = 0.41) was significantly higher than that for untreated
cells (F, = 0.2), demonstrating that dimerization of Gag-Pol pre-
cursors was enhanced by EFV (Fig. 7B, bottom panel). We intro-
duced the mutations for disruption of PR dimerization (mtPR)
(39) and the W401A mutation for disruption of RT dimerization
(mtRT) (31) and then examined the FRET efficiencies of the re-
sulting constructs. In EFV-untreated cells, the FRET efficiencies
were similar to or slightly lower than that for Gag-Pol without
these mutations. When cells were treated with EFV, the FRET
efficiency for Gag-Pol with mtRT increased (F, = 0.31), whereas
that for Gag-Pol with mtPR did not (Fig. 7B, bottom panel). All of
these FRET efficiencies were significantly greater than that of the
negative control (Gag/Pol-EGFP plus mStrawberry). Together,
these data suggested that (i) the dimerization-defective mutations
mtPR and mtRT were suppressed in the context of Gag-Pol, pos-
sibly through dimerization of other domains; (ii) EFV substan-
tially enhanced dimerization of Gag-Pol with mtRT; and (iii) the
mutations in the PR dimer interface abrogated the enhancement
of Gag-Pol dimerization by EFV. In our FRET system, a combina-
tion of the nonmyristoylated pNL43 derivatives myr(—)Gag/Pol-
EGFP and myr(—)Gag/Pol-mStrawberry displayed no FRET sig-
nals (F, = 0.04), similar to the case for myr(—)Gag-fluorescent
proteins (56, 57). However, it is likely that at least in the case of
nonmyristoylated Gag-Pol, dimerization of Gag-Pol in the cytosol
can occur below the detection limit of the FRET assay, because the
nonmyristoylated pNL43 derivative containing active PR pro-
duced processing products (42) (also see Fig. 5C).

Efficient dimerization of PR-RT is further enhanced by EFV,
but the enhancement is abrogated by dimerization-defective
mutations in PR. In the context of Gag-Pol, there are several oli-
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FIG 7 Dimerization of Gag-Pol precursor in HeLa cells. HeLa cells were cotransfected with the Gag/Pol-EGFP and Gag/Pol-mStrawberry constructs, both of
which had an inactive PR. At 24 h posttransfection, cells were fixed and subjected to FRET analysis by confocal microscopy. A combination of the pNL43
derivatives expressing Gag-EGFP and Gag-mStrawberry was used as a positive control, and a combination of the pNL43 derivative expressing Gag/Pol-EGFP
(containing inactive PR) and a plasmid expressing mStrawberry (not fused to any other protein) was used as a negative control. mStrawb, mStrawberry. (A) FRET
efficiencies were calculated from confocal images obtained with 3 filter combinations: EGFP excitation-EGFP emission (donor), mStrawberry excitation-
mStrawberry emission (acceptor), and EGFP excitation-mStrawberry emission (FRET). FRET efficiencies were color coded with color scale bars over a range of
0 to 1 in confocal images. (B) (Top) Semiquantification of FRET localization. Double fluorescence (EGFP and mStrawberry)-positive cells (approximately 60
cells) were observed for each experiment. FRET signals were categorized based on their intracellular localization (at the PM or in the cytoplasm). N.A., not
applicable. (Bottom) FRET efficiencies. Thirty double fluorescence-positive cells (3 regions of interest per cell) for each combination were subjected to
calculation for FRET efficiencies in 3 independent experiments, and the mean FRET efficiencies are shown with standard deviations. Statistical analysis was

performed with Student’s ¢ test, and P values of <0.05 are considered significant. **, P < 0.01.

gomerization domains: domains for trimerization in MA, multi-
merization in CA-NC (15), dimerization in PR (5, 6) and RT (58),
and tetramerization in IN (59, 60). To test whether the dimeriza-
tion of Gag-Pol precursors observed by the FRET assay was likely
through the Pol-Pol interaction, we employed two-hybrid assays.
Previous studies have shown enhancement of the homodimeriza-
tion of RT and PR-RT fragments by EFV in yeast two-hybrid as-
says (27, 28, 30). We initially used yeast two-hybrid assay systems
with pAD-GAL4 and pBD-GAL4 plasmids (Stratagene) but did
not see detectable levels of RT expression (data not shown), as
suggested previously (61). As an alternative method, we employed
a bacterial two-hybrid assay with pBT and pTRG plasmids (Strat-
agene) (Fig. 8A). The genes encoding PR, RT, and PR-RT, all of
which contained inactive PR, were cloned into the pBT and pTRG
plasmids and were expressed as AcI fusion proteins and RNA poly-
merase (a subunit) fusion proteins, respectively. PR-RT with an
N- or C-terminal extension (p6*-PR-RT and PR-RT-IN) and the
entire Pol region (p6* to IN) were similarly expressed in this sys-
tem. E. coli containing the HIS3 reporter gene was cotransformed
with a combination of the pBT and pTRG plasmids and then
grown in M9 complete medium (nonselective conditions). West-
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ern blotting using anti-PR and anti-RT antibodies showed that the
expression levels of the constructs varied but that the observed
doublet band likely corresponded to both fusion proteins
(Fig. 8B). To measure the dimerization of the constructs, the E.
coli culture was serially diluted and plated on histidine-negative
M9 medium (selective conditions) (Fig. 8C, top panel). PR and
RT showed significant dimerization activities. Interestingly, de-
spite resulting in the lowest expression level of PR-RT, this culture
produced the largest number of colonies, suggesting that the
dimerization of PR-RT fragments was the most efficient among
the constructs used in this assay. The N-terminal p6* extension
and, similarly, the C-terminal IN extension to PR-RT additively
weakened the PR-RT dimerization activity. When the dimeriza-
tion-defective mutations were introduced, the dimerization of
mtPR-RT was significantly reduced (ca. 100-fold). The dimeriza-
tion of PR-mtRT was more severely impaired (ca. 1,000-fold) but
was not abolished (compare with the negative control). Thus, the
measurement on the basis of colony numbers in bacterial two-
hybrid assays allowed us to evaluate the extents of a broad range of
protein-protein interactions.

To evaluate the effect of EFV on the dimerization of each con-
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FIG 8 Dimerization of Pol fragments. (A) Schematic representation of E. coli two-hybrid system (Stratagene). E. coli containing the HIS3 gene was doubly
transformed with pBT (for a bait) and pTRG (for a target) plasmids, both of which expressed the same pol gene fragments (indicated) with inactive PR. In this
expression system, the bait is fused to N phage repressor AcI (237 amino acids) containing the N-terminal DNA binding domain, whereas the target is fused to
the N-terminal domain of the « subunit of RNA polymerase (248 amino acids). When the bait and the target interact, RNA polymerase is recruited to the
promoter and activates the transcription of the HIS3 gene, which allows E. coli to grow in the absence of histidine. A combination of pBT expressing the
dimerization domain of the yeast transcriptional activator Gal4 (LFG) and pTRG expressing the domain mutant Gall1 protein (Gal11") was used as a positive
control, and a combination of pBT and pTRG (empty vectors) was used as a negative control, according to the instructions for the E. coli two-hybrid system
(Stratagene). (B) Expression of Pol fragments in E. coli. E. coli transformants were grown in M9 complete medium (nonselective medium), and cells (ODy, of
0.2) were subjected to Western blotting using anti-PR and anti-RT antibodies. (C) (Top) Colony formation in E. coli two-hybrid assays. E. coli transformants were
grown in M9 complete medium. After being washed, the E. coli cells (ODg,o 0f 2.1 X 107%,2.1 X 1072, and 2.1 X 10 °) were plated onto M9 histidine-dropout
medium containing 5 mM 3-AT in the absence or presence of 1 pM EFV and were incubated at 37°C for 3 days. (Bottom) Relative increases of colony numbers
upon addition of EFV. Data shown are means with standard deviations for 3 to 5 independent experiments. Statistical analysis was performed by Student’s ¢ test,

and P values of <0.05 were considered significant. *, P < 0.05; **, P < 0.01. N.A., not applicable.

struct, dilutions of E. coli cultures were similarly plated on histi-
dine-negative M9 medium, with and without EFV, and the rela-
tive increases in colony numbers were calculated (Fig. 8C, bottom
panel). EFV at 1 pM enhanced homodimerization of RT and
PR-RT 2-fold, consistent with previous results of a yeast two-
hybrid assay (27, 28, 30). PR dimerization was not enhanced by
EFV, confirming that EFV targets RT but not PR. The dimeriza-
tion of mtRT and PR-mtRT was restored by treatment with EFV,
consistent with the observation that the W401A mutation coun-
teracts an EFV-imposed block of virus production (32). In con-
trast, the dimerization of mtPR-RT was not restored by EFV, con-
sistent with the results observed by our FRET assays. These results
suggested that the mutations in the PR dimerization interface ab-
rogated the EFV-mediated enhancement of RT dimerization in
the context of PR-RT as well as Gag-Pol. The N-terminal p6*

3356 jviasm.org

extension and the C-terminal IN extension to PR-RT similarly
abolished the EFV effect. In sum, our two-hybrid data suggested
that (i) EFV enhanced PR-RT dimerization through RT dimeriza-
tion, (ii) EFV restored the impaired dimerization of PR-RT with
the W401A mutation in RT, and (iii) the enhancement of PR-RT
dimerization by EFV was suppressed by PR dimerization-defec-
tive mutations or an N- or C-terminal extension.

An EFV resistance mutation in RT suppresses aberrant phe-
notypes and enhances PR-RT dimerization. The amino acid sub-
stitution K103N in RT is the most common and important
NNRTI resistance mutation (http://hivdb.stanford.edu/pages
/drugSummaries.html), and it has been reported to restore virus
production in the presence of EFV (32, 62). We tested whether the
aberrant phenotypes observed here were suppressed when HIV-1
contained the K103N mutation in RT. Western blotting using
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FIG 9 Gag processing and p17MA localization of EFV-resistant HIV-1. HeLa
cells were transfected with the parental strain pNX and its EFV-resistant vari-
ant, pNX(K103N), and were cultured with increasing doses of EFV. (A) Intra-
cellular Gag processing. At 48 h posttransfection, cells were collected and sub-
jected to Western blotting using anti-p24CA antibody. (B) Intracellular
localization of the mature p17MA domain. At 24 h posttransfection, cells were
immunostained with anti-p17MA antibody. Nuclei were stained with TO-
PRO-3. All micrographs are shown at the same magnification.

anti-p24CA antibody confirmed that in parental pNX-transfected
cells, the levels of p41 and p24CA were slightly increased upon
EFV treatment. In contrast, these levels were largely unchanged,
despite increasing doses of EFV, in pNX(K103N)-transfected
cells. More characteristic was the absence of appearance of the
processing intermediate p34 in pNX(K103N)-transfected cells
(Fig. 9A).

Our study used the intracellular distribution pattern of p17MA
as an indicator of the EFV effect. Thus, we observed the distribu-
tion of p17MA by confocal microscopy with an anti-p17MA an-
tibody that specifically recognizes the mature p17MA domain, as
described above (Fig. 9B). The pNX(K103N)-transfected cells
showed punctate staining at the PM even in the presence of 1 uM
EFV, whereas the pNX-transfected cells displayed uniform distri-
bution at the PM in the presence of 1 uM EFV.

Finally, we assessed the dimerization of Gag-Pol with the
K103N mutation by FRET analysis. The majority of FRET signals
were observed at the PM in EFV-treated as well as untreated cells
(Fig. 7B, top panel). When the FRET efficiencies were quantified,
no enhancement of Gag-Pol dimerization upon EFV treatment
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was observed (Fig. 7B, bottom panel). Taken together, the data
indicated that the aberrant phenotypes and enhanced dimeriza-
tion observed upon EFV treatment were suppressed in the EFV-
resistant HIV-1 variant.

DISCUSSION

EFV enhances Gag-Pol dimerization after PM targeting but be-
fore particle assembly. EFV has been reported to reduce HIV-1
particle release through enhanced Gag/Gag-Pol processing (28,
30). In this study, we demonstrated by FRET analysis that EFV
enhanced the dimerization of Gag-Pol precursors (Fig. 7). This
enhancement was observed predominantly at the PM. When we
examined the intracellular localizations of Gag/Gag-Pol precur-
sors, we found that EFV had no effect on the PM targeting of
Gag/Gag-Pol precursors, regardless of whether its PR was active or
inactive (Fig. 2). In contrast, the intracellular localizations of the
processing products (p1l7MA, p24CA, and RT antigens) were sig-
nificantly altered upon EFV treatment. In EFV-treated cells, the
N-terminal Gag domain, p17MA, was distributed uniformly at the
PM, and the p24CA and RT antigens were distributed more dif-
fusely in the cytoplasm (Fig. 4). Consistent with these findings, the
processing products showed weaker membrane binding affinities
and/or dissociated from the membrane in EFV-treated cells
(Fig. 5). In consideration of all these findings, we suggest that the
likely scenario in EFV-treated cells is that (i) Gag-Pol precursors
are normally targeted to the PM through interaction with Gag
precursors; (ii) EFV enhances the stability of Gag-Pol dimeriza-
tion before complete particle assembly at the PM, leading to ear-
lier activation of PR; and (iii) p17MA remains weakly associated
with the PM but the p24CA and RT antigens are dissociated from
the membrane, as the PR activation in EFV-treated cells occurred
prior to wrapping of the Gag/Gag-Pol capsid by the membrane.
Uniform distribution of p17MA at the PM is imposed by
EFV. Because the p17MA distribution pattern in EFV-treated cells
(uniform at the PM) was very unique, we compared this distribu-
tion pattern with that in cells overexpressing Gag-Pol with active
PR. Itis well known that overexpression of Gag-Pol with active PR
leads to premature Gag processing in the cytoplasm and to a fail-
ure of particle production (19-21), suggesting that if too much
Gag-Pol is synthesized, it is cleaved in the cytoplasm before parti-
cle assembly. For comparison, we also used the pl7MAstop con-
struct (37) as a pl7MA domain that is synthesized alone, without
its C-terminal domains. We expected that these two constructs
would show very similar distribution patterns of p17MA, because
in both cases the mature p17MA domain is produced in the cyto-
plasm. Overexpression of Gag-Pol with active PR led to only a
diffuse cytosolic distribution of p17MA, whereas expression of
p17MAstop led to diffuse but not cytosolic staining in the cyto-
plasm. A fraction of p17MAstop was localized near or at the PM.
However, neither of these constructs displayed preferential accu-
mulation of p17MA at the PM (Fig. 6A). The membrane binding
affinities of these p17MA molecules, as analyzed by membrane
flotation analysis, were consistent with these observations. That is,
nearly half (52%) of the pl7MA population was distributed to
membrane-bound fractions in EFV-treated cells, whereas less
pl7MA was distributed to membrane-bound fractions in
p17MAstop-transfected cells (33%) and PR-active Gag-Pol-trans-
fected cells (5%) (Fig. 6B). From these data, we suggest that the
p17MA observed at the PM in EFV-treated cells did not consist of
p17MA molecules that were generated in the cytoplasm and then
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reached the PM but rather that pl7MA molecules were generated
by Gag processing after PM targeting.

Since Gag processing normally occurs during or soon after
particle budding (3), the mature pl7MA domain appears at
puncta on the PM. Thus, p17MA signals at puncta on the PM have
been thought to be sites where HIV-1 particles are budding (47—
49) and likely correspond to highly assembled p17MA in nascent
particles. In contrast, the p17MA signals in EFV-treated cells did
not accumulate but were evenly distributed at the PM. The p24CA
signals were considerably dissociated from the PM (Fig. 4 and 5).
Taking these results together, we consider that in EFV-treated
cells, p17MA may have lost the association with p24CA and p7NC,
composed of Gag assembly domains after Gag processing, and
may have spread evenly at the PM. The preferential cleavage at the
MA-CA junction observed in EFV-treated cells (Fig. 1) may rep-
resent earlier cleavage, before Gag multimerization through Gag
assembly domains.

Dimerization efficiency of Pol fragments. We previously de-
veloped FRET systems for Gag-Pol precursor dimerization by us-
ing pNL43 derivatives in which a fluorescent protein was inserted
at the Pol domain junction (35). In the present study, we used
these FRET systems and showed that EFV enhanced the dimeriza-
tion of Gag-Pol precursors (Fig. 7B, bottom panel), but unexpect-
edly, most of the FRET-positive sites were at the PM, not in the
cytoplasm (Fig. 7B, top panel). Since enhanced Gag/Gag-Pol pro-
cessing by EFV was still observed in a nonmyristoylated HIV-1
mutant (30), cytosolic Gag-Pol dimerization is likely below the
threshold for detecting Gag-Pol dimerization in our FRET assay.
However, it is possible that the dimerization of Gag-Pol precur-
sors is generally suppressed before targeting of Gag-Pol to the PM,
similar to Gag PM targeting before multimerization (55, 57). An
alternative possibility is that EFV may be concentrated at the PM
because NNRTIs are lipophilic compounds.

We used three Gag-Pol mutants (with PR dimerization-defec-
tive mutations, an RT dimerization-defective mutation, or an EFV
resistance mutation) in FRET assays (Fig. 7B, bottom panel). We
found that their Gag-Pol dimerization activities were not se-
verely impaired by the mutations. When RT contained the EFV
resistance mutation K103N, dimerization of the Gag-Pol pre-
cursors was not enhanced by EFV. However, when the
dimerization-defective mutation W401A was introduced into
RT, the dimerization of Gag-Pol was enhanced by EFV. The EFV
binding pocket and the dimer interface formed by the tryptophan
repeat motif (31, 63) were spatially apart in RT, suggesting that
EFV allosterically enhances RT dimerization and rescues the
dimerization defect of RT with the W401A mutation. In contrast,
when dimerization-defective mutations were introduced into PR,
the dimerization of Gag-Pol precursors was not enhanced by EFV
(Fig. 8C, bottom panel). These data suggest that dimerization of
the N-terminal PR extension may be necessary for enhancement
of RT dimerization by EFV in the context of Gag-Pol.

In this study, we employed E. coli two-hybrid assays to monitor
dimerization of the Pol fragments. Some studies have used yeast
two-hybrid assays for this purpose and have shown that an N-ter-
minal extension of p6* significantly inhibits PR dimerization,
whereas further extension of NC restores the dimerization (64).
The cis-acting inhibitory effect of p6* has also been reported in
other studies (65-67). Although the dimerization efficiencies of
different constructs cannot simply be compared in two-hybrid
assays because their expression levels vary, we found that the

3358 jviasm.org

dimerization efficiency of p6*-PR-RT, as judged by colony num-
bers in our system, was approximately 4-fold lower than that of
PR-RT, consistent with the results of the above studies. The C-ter-
minal extension of IN also significantly reduced the number of
colonies that appeared upon PR-RT dimerization. Interestingly,
we observed that the number of colonies that appeared upon
PR-RT dimerization was 4- to 5-fold higher than that with RT
dimerization, regardless of a much lower expression level of
PR-RT than of RT, suggesting that unlike C-terminal extension,
N-terminal extension of PR may stabilize RT dimerization. These
data suggest the possibility that the dimerization efficiencies of Pol
fragments continually change during ordered Gag-Pol processing,
which has been reported as follows: SP1-NC > RT-IN > NC-
p6*-PR > PR-RT (68). To date, there are no structural data for
PR-RT or full-length Pol precursors, and only individual domain
oligomers, such as PR homodimers (5, 6), RT heterodimers (58),
and IN homotetramers (59, 60), have been solved by nuclear mag-
netic resonance and crystallography. p6* has been suggested to be
unstructured by nuclear magnetic resonance spectroscopy (69).
Our data may provide clues for understanding the structures of
Pol processing intermediates.
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